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Abstract 
Vattenfall is considering the Danish coal fired power plant Nordjyllandsværket for a CO2 post 
combustion capture plant. Up to 1.8 million tones of CO2 per year will eventually be captured. 
Related storage option is investigated in the nearby onshore Vedsted Structure where a saline 
aquifer is found around 2 km depth with anticipated sufficient storage capacity and injectivity. A 24 
km pipeline is predicted. The CO2 flow from the capture plant will fluctuate on a daily as well as 
hourly rate and sudden shut downs must be expected. Pipeline, wells and well completion must thus 
be designed such that a high level of fluctuation can be handled in the entire system. 
Here we present a study of transient variations in terms of pressure, temperature and phase. A 
reservoir model is used for studying effects in the formation near the well bore and a flow simulator 
for the pipeline and well. Special emphasis is made on results related to transient pressure behavior 
in the bottom hole of the well. 
The results point towards that high loads as well as shut downs and shorter periods without flow 
can be handled by the modeled system. For long periods of very low rates of CO2 problems arise 
with keeping high CO2 saturation in the near well reservoir and with phase changes in the pipeline 
and well; thus the design of the system must be further investigated. 
© 2010 Elsevier Ltd. All rights reserved 
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Introduction 
Vattenfall is Europe’s fifth largest generator of electricity and the largest producer of heat and recognizes it’s climate 
responsibility. Vattenfalls climate vision is to be CO2 neutral by 2050 and this ambitious goal is summarized in a 
strategic “Make Electricity Clean” statement. Amongst a lot of other investment large emphasis is put on Carbon 
Capture and Storage (CCS) from coal fired power plant and projects are undertaken in Germany, Netherlands, Denmark 
and Poland. 
The Danish project is related to the coal fired power plant Nordjyllandsværket, where the 375 MW block 3 has a 
very high efficiency of 47% in generation of electricity and fully 91 % due to a large contribution to district heating. 
Nordjyllandsværket is therefore well suited to add a post-combustion CO2 capture plant to the system, which is 
considered for construction [1]. The plant will eventually capture 1.8 million tonnes of CO2 per annum. CO2 storage 
options have been assessed onshore Denmark trough the EU-supported GESTCO project [2] as well as in internal 
studies by Vattenfall [3]. Since 2008 the Vedsted Structure some 25 km west of the Nordjyllandsværket has been 
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investigated for storage option. At 2 km depth a saline sandstone aquifer are here found in an anticline structure beneath 
thick claystones. [1].  
Nordjyllandsværket is as a modern power plant designed such that the electricity output can be varied in accordance 
with market prices for electricity. This is increasingly necessary in Denmark where now 20% of electricity is produced 
by wind turbines with a high variation in market contribution. These daily and hourly load variations need to be handled 
by the entire CCS system from the capture plant to the reservoir. In this study the response of such transient variations 
are studied in the pipeline, well and near wellbore reservoir. 
Resent studies of CO2 flow pipeline and wells include the analytical and numerical work of Weise et al. (2010) [4] 
studying the sensitivity of geological, technical and operational parameters at a reservoir of 1 km depth. The work by 
Weise et al. is used by Nimz et al. (2010) [5], studying a 600 MW power plant with 150 km pipeline, examining the 
entire CO2 process and transport chain using local developed algorithms. Lautsch et al. (accepted) [6] have studied CO2
injection in relation to Vattenfalls German demonstration project accordingly with a depth of a saline aquifer of 1 km 
depth using commercial process simulation software. 
Compared to these studies the present study uses standard tools from the oil industry both for reservoir simulation 
and transient flow simulation of pipeline and well; the ECLIPSE 100 reservoir simulator and the multiphase flow 
simulator software OLGA for the pipeline and well. Events from the present day load at Nordjyllandsværket power 
plant is used as a case study with the 2 km deep saline aquifer at the Vested storage site connected by a  24 km pipeline. 
Pressure, temperature and flow dynamics are studied for different CO2 flow output (loads) and related to injectivity in 
the reservoir. The two models set up for the study; a reservoir model for the near well bore reservoir and a model for the 
pipeline and well. The models share the same boundary conditions in terms of bottom hole Pressure (BHP) and CO2
flow. Especially results related to transient pressure behavior in the bottom hole of the well are presented here. 
1. Modeling the near well reservoir 
The near well reservoir model was derived from the full scale geological model of the Vedsted Structure, which is 
based on lateral uniform layers with vertically varying reservoir properties derived from well log data [7]. The near well 
model is made simply by “cutting out” a small area around the injection well from the full field geological model and 
then make a grid refinement before simulation. Reservoir simulations were run in ECLIPSE 100 (licensed by 
Schlumberger Information Solutions). 
1.1. Reservoir model setup 
The reservoir is 320 m thick [1] and the initial reservoir conditions can be found in table 1 along with grid values. 
Several grid sizes were evaluated in order to find the proper grid sixe and grid number to reflect the CO2 injection. 
Porosity and permeability distributions were taken directly from the full field model [8]. As the individual layers are 
uniform in properties, it was not important where the well location was picked in that context. One well is placed 
vertical in the middle of the model and completed in the entire reservoir section, i.e. the well is modeled as an open 
hole. The well diameter was arbitrarily set to 0.22m with a skin factor of 0.4 and was controlled by the injection rate 
(surface conditions).  
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Table 1. 3D grid and initial conditions for the reservoir model (fine and coarse model grids) 
Grid Initial conditions 
nx, ny, nz dx, dy, dz1-20, dz21-25, dz26-85 (m) Datum 
depth  (m) 
Reservoir pressure @ Datum 
depth (bar) 
Reservoir temp. 
(0C)
41, 41 ,85 5, 5, 2.5, 23, 2.9 2106 231 66 
21, 21, 85 10, 10, 2.5, 23, 2.9 2106 231 66 
1.2. Flow simulation dynamics 
ECLIPSE 100is a black-oil simulator and when dealing with a CO2-brine system the simulator oil phase properties 
corresponds to brine and the simulator gas phase properties corresponds to CO2 in order to handle CO2 solubility in the 
brine phase. Currently ECLIPSE cannot calculate injectivity for modeled gas injection directly. The injectivity (I) is 
therefore calculated from the simulated BHP, initial reservoir pressure (Pi,res) and the injection rate (Q): 
I  = Q/(BHP-Pi,res)       (1) 
The CO2 formation volume factor, density and viscosity are obtained from commercial Pressure-Volume-
Temperaure (PVT) software (PVTsim, Calsep A/S 2001). The brine data which accounts for dissolved CO2 are obtained 
from [9] and the brine density is calculated by the correlation of [10]. The brine viscosity is assumed to be independent 
of CO2 content and pressure and is calculated by the correlation of [11]. ECLIPSE 100 allows solubility properties as 
well as density versus depth data to be consistently represented trough pressure dependent representation of formation 
volume factor, viscosity and CO2 dissolution data. Fluid density and rock compressibility can be found in table 2. 
Table 2. Fluid densities and rock compressibility 
Brine density (kg/sm3) CO2 density (kg/sm
3) Rock compressibility (1/bar) 
1120 1.906 6.96*10-5 
Figure 1. Grid and porosity distribution for the near well model. Porosity values are taken from  the up-scaled log values for the effective porosity 
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1.3. Saturation functions 
Saturation functions are the same as for the full field model, taken from [12] and [13]. The capillary entry pressure 
for the sand layers are set to 0.1 bars and for the shale layers it is modeled to be 25 timers higher, i.e. 2.5 bars. By this, 
the embedded shale layers will act as strong restrictions to vertical flow.  
The hysteresis option in ECLIPSE was active in the near well simulations, but no hysteresis was given for the 
capillary pressure functions only for the relative permeability functions. Valid imbibition curves for capillary pressure 
were not attainable for this sandstone. Simulation runs with and with-out the hysteresis option active gave more or less 
identical results for the near well model, as, in the near well area for an injection well, the CO2 saturation will almost 
never decrease, at least not during the period of active injection. Injection with low CO2 rates did although cause some 
reduction in CO2 saturation in the grid cells containing the injection well, this is described in a later section. 
1.4. Boundary conditions 
The near well model is set up as a closed box, i.e. all external boundaries are no-flow boundaries, but for more 
realistic settings a constant pressure (hydro-static pressure) boundary conditions was applied. Practically this was done 
by multiplying the pore volume for the second outermost grid cells by 10E3 and the outermost grid cells were 
multiplied by 10E6. By this procedure the injection well is modeled as being placed in an infinite aquifer otherwise the 
simulated BHP will be effected by the size of the closed box. 
1.5. Simulation results 
The CO2 injection rate was set to 77.5 kg/s (surface conditions) to simulate the expected rate from the power 
plant/capture plant, when the plant was operated at maximum load and the CO2 was injected in one. Different scenarios 
were simulated to mimic different timing of shut downs and for compressor trips. For simplicity only the most relevant 
simulations is presented here. Injectivity was calculated to 206000 Sm3/d/bar, however this value was modified before 
use in the pipeline model as a more realistic situation will be to inject the large amount of CO2 through e.g. three 
injection wells.  
Figure 2 shows the simulated BHP development for a case along with the CO2 saturation. CO2 was injected at a 
constant rate of 77.5 kg/d for about 106 days, followed by an instantaneous stop of injection. Injection was resumed 
after 4 hours and followed by about 200 days of injection before an additional injection stop, lasting 24 hours before 
injection started again.  
Figure 2. Simulated BHP and CO2 saturation in the grid cell row (21, 21, 1-85) containing the injection well, illustrating the effect of relative 
permeabilities. The injection was stopped in 4 hours after 106 days of injection, resumed after 4 hours and followed by about 200 days of injection 
before an injection stop lasting 24 hours. Data is from the fine gridded simulation model. 
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The rationale for the relative long periods of constant injection was to simulate the situation after an up-start period. 
It was found that the reservoir (simulator) responded very quickly to a sudden injection stop, the BHP almost 
instantaneously decreased. It was assessed that the steepness of the pressure drop was determined by the time-step 
setting for the simulator. Simulations were run with different CO2 injections rates, i.e 10, 25, 50, 77.5 and 100 kg/s, in 
order to check the validity of assuming a linear relation between the flowing BHP and the injection rate. This simulates 
the division of the total CO2 stream from the power plant into three injection wells. Deviations from the linear 
assumption were found for the lower rates, 10 and 25 kg/s where the CO2 saturation starts to decrease some time after 
injection. When the CO2 saturation decreases the relative permeability to CO2 also decreases due to hysteresis effects, 
resulting in a higher BHP than anticipated from the linear relationship, when the simulation model is controlled by a 
constant injection rate. 
For the low injection rates the CO2 pressure in the reservoir is not high enough to “hold” the CO2 saturation and 
water starts to imbibe into the grid cells. In practice this is assessed to be a problem that must be mitigated due to risk of 
well damage by mobilized formation-fine, if CO2 rich water starts to flood the well bore. Therefore, in this study, it is 
suggested that it will be acceptable to assume that the CO2 saturation will be kept from decreasing around the well bore 
and hereby assuming a linear relation between BHP and injection rate. 
2. Modeling the pipeline 
The transient simulation model for the pipeline and well uses the multiphase flow simulation software OLGA 
(licensed by Scandpower Petroleum Technology). OLGA is an industry standard 1D transient simulator extensively 
used in the oil industry for multi-component systems. However this study used a newly developed CO2 module which 
considers one-component systems as pure CO2.
2.1. Pipeline, well and fluid 
The pipeline is 24 km long and buried in wet soil at 1.2 m depth to the top of the pipe. The pipeline runs in a flat 
geographical setting with less than 15 m’s of height difference. The pipeline is connected to 3 wells of 2 km depth. 
Pipeline and well tubing inner diameters were assumed at 303.9 mm and 150 mm respectively and pipe roughness was 
set to 0.05 mm. In the well a mud-filled annulus layer and 50 m of formation is included in the model in order to 
account for realistic transient heat transfer. Thermal properties of the soil and geological formations as well as pipe and 
well walls are taken into account in radial direction. Any axial heat transfer in walls and soil are neglected. Fluid 
properties for CO2 including density, viscosity, thermal conductivity and enthalpy was calculated for use in the 
simulations. The used OLGA Single Phase Component Module applies a EOS correlations for CO2 by [14]. 
In the OLGA model a valve is also included at the inlet of the pipeline and at the outlet (wellhead valve). The inlet 
valve is closed assuming a closing time of 5 s in the shutdown simulation scenarios (the effect of this is not important 
since the inlet flow rate is set to zero at the same time). The wellhead valve is assumed fully open in the simulations 
reported here since it will not normally be closed in the simulated operational scenarios (at least not before the injection 
rate has dropped to zero in the pipeline). 
2.2. Boundary conditions 
Inlet boundary conditions in real conditions will depend on the CCS process system and its compression stages with 
valves and control systems which by it-self are dynamic systems. In this study we have specified the inlet mass flow 
rate as a time series and thereby assumed that similar conditions can be achieved by stringent control of the flow rate on 
the discharge side of the compressor. The following boundary conditions were specified: 
 Mass flow rate at the pipeline inlet (i.e. compressor flow rate) as a time series. 
 100% load corresponds to an inlet mass flow rate of 77.5 kg/s (=3.502 MSm3/d) 
 Fluid temperature at the pipeline inlet: 40°C 
 Reservoir pressure at a reference depth: 231 bara 
 Well injectivity index, II: 100000 Sm3/d/bar (corresponding to 2.21296E-05 kg/s/Pa)  
 Sensitivity simulations were also run with II=50000 and 150000 Sm3/d/bar 
 Ambient (air) temperature for the pipeline (8°C) 
 Ambient temperature profile in the wells, 50 m from the wellstring (assumed as a linear profile between reservoir 
temperature of 66°C and surface temperature of 8°C) 
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2.3. Scenarios studied 
Amongst other the following operational scenarios of the CCS plant was studied, only steady state and shut-down 
results are presented here: 
1. Steady state at different loads 
2. Normal (controlled) shut-down 
3. Sudden shut-down for 4 hrs – normal start up 
In all the simulations the flow was kept at steady state for some hours before the transient operations initiated. This 
was done in order to approach close to steady state phase conditions in the simulation before the transient sequences. 
Assumed initial profiles were specified as input in the simulations for mass flow, pressure, temperature and holdup 
(volume fraction of liquid or dense phase if above the critical pressure/temperature) in the pipeline and wells, but these 
did not represent the exact steady state conditions, and it thus takes some simulation time before true steady state 
conditions were reached. The sudden shut-down represents for example an unplanned compressor trip scenario where 
the control valve on the compressor discharge side is rapidly closed when the compressor trips. This case is expected to 
be worst case with respect to steep transients in flow and drop in pressure. A similar “sudden” start-up with quick 
increase of flow rate was not simulated since this is not considered a realistic start-up scenario 
2.4. Simulation results 
The simulations showed that steady state conditions for 100% load in the pipeline (77.5 kg/s) show that the pressure 
is above critical pressure of 71 bara at all locations; thus the CO2 is in supercritical condition (dense phase) both in the 
pipeline and well (Table 2). For 18% load (13.95 kg/s) the supercritical dense phase cannot be maintained in the 
pipeline due to the cooling of the pipeline. The simulation showed that gas condenses to liquid about 12 km from the 
inlet. 
Table 2. Pressure and temperature at 100% load (77.5 kg/s) and 18% load at 3 different positions in the Olga model. 
For the 18% load supercritical liquid phase is found in the pipeline (denoted by a *)  
The load change (i.e. inlet flow rate change) assumed in these scenarios were as follows (100% load is 77.5 kg/s): 
Normal shut-down / Ramp-down (Inlet valve closes with 5 minutes closing time) 
-2% per. minute for the load range 100-90% 
-5% per. minute for the load range 90-40% 
-2% per. minute for the load range 40-0% 
Sudden shut-down (Inlet valve closes with 5 seconds closing time) 
-20% per second (Load changes from 100% to 0 in 5 seconds) 
The mass flow rate, pressure and temperature are relatively irregular during shutdown, due to the complex physics 
with different time scales in the system. A pressure wave travels at the speed of sound through the pipeline and into the 
well and the pressure drop in the pipeline and in particular in the inflow zone to the reservoir changes with flow rate.  
4296 L. Klinkby et al. / Energy Procedia 4 (2011) 4291–4298
 Author name / Energy Procedia 00 (2010) 000–000 7
7
The plot in figure 3 of the BHP during the shut-down (starting at 15 hrs) show that BHP goes from the steady state 
value of just below 243 bara to the reservoir pressure 231 bara in about 1.4 hrs. When the flow has reached zero the 
check valve in the bottom hole ensures that no backflow occurs. The decrease in BHP takes place in two phases - there  
is a rapid decrease in BHP from 243 to 233.5 bara the first 40 minutes, and then the remaining 1.5 bars takes almost 1 
hour. The shut-down (reduction of pipeline inlet flow rate) takes place over 35 minutes and this is reflected in the “first 
wave” of reduction in BHP which has the same time scale. Then transients and phase change in the pipeline results in a 
lower decrease rate the last part. Phase change in the pipeline during the shut-down after about 17 hrs and 53 hrs also 
cause flow (and probably some numerical oscillations which are seen as spikes in the studies). 
.
Figure 3. Bottom hole pressure (BHP) during normal shut-down form 100% load 
At a sudden shutdown (due to for example a compressor trip) the inlet flow rate was assumed to go from 77.5 kg/s to 
zero in 5 seconds. This causes the BHP to decrease from 243 to 231 bara over a period of about 1.5 hour (Figure 4). 
However, the initial decrease from 243 to about 238 bara happens very rapidly (~1.5 minutes) and then a slower 
decrease ratio takes over as was also seen in the normal shut-down case. As in the normal shut-down case, the mass 
flow rate, pressure and temperature at different times are quite irregular both during the shut-down and start-up, due to 
the complex physics with different time scales in the system 
3. Conclusions 
During injection with full load from the power plants 375 MW block and boundary conditions from the BHP of the 
reservoir we find in this study that CO2 will be in supercritical state both in the pipeline and the well. The pressure is 
above the critical pressure of 71 bara at the inlet since the compressor discharge temperature and pressure will be 
around 40°C and about 100 bara. During shutdown, the pressure and temperature drops below the critical point (71 bara 
and 31°C) and phase change from dense phase to gas and liquid occurs in the upper part of the well and in the pipeline. 
Using very low loads of less than 20 % of the full load will cause problems with keeping the supercritical conditions 
along the pipeline and in the well due to a combination of lower pressure and cooling. 
From the near well reservoir model is found that the BHP and pressure in the reservoir in the near well area reacts 
almost instantaneously to a sudden stop in the CO2 injection. No dramatic pressure effects are found when injection is 
resumed. However, it is not fully resolved even in this small scale model, if this effect is solely a numerical “artifact” or 
physical viable in the reservoir. For low injection rates from the power plant the CO2 pressure in the area of the well are 
not high enough to “hold” the CO2 saturation and water starts to imbibe into the grid cells, which point toward risk of 
well damage by mobilized formation-fine. For low injection rates it will therefore be necessary to optimize phase 
conditions along the pipeline and at the well head. Hysteresis in capillary pressure for the reservoir rock must be 
determined. 
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Figure 4 Bottom hole pressure (BHP) during sudden shutdown from 100% load (pipeline inlet flow rate is reduced from 77.5 to 0 in 5 seconds) 
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